Orf virus, the prototype parapoxvirus, is responsible for contagious ecthyma in sheep and goats. The central region of the viral genome codes for proteins highly conserved among vertebrate poxviruses and which are frequently essential for viral proliferation. Analysis of the recently published genome sequence of orf virus revealed that among such essential proteins, the protein orfv075 is an orthologue of D13, the rifampin resistance gene product critical for vaccinia virus morphogenesis. Previous studies showed that D13, arranged as "spicules," is necessary for the formation of vaccinia virus immature virions, a mandatory intermediate in viral maturation. We have determined the three-dimensional structure of recombinant orfv075 at ϳ25-Å resolution by electron microscopy of two-dimensional crystals. orfv075 organizes as trimers with a tripod-like main body and a propeller-like smaller domain. The molecular envelope of orfv075 shows unexpectedly good agreement to that of a distant homologue, VP54, the major capsid protein of Paramecium bursaria Chlorella virus type 1. Our structural analysis suggests that orfv075 belongs in the double-barreled capsid protein family found in many double-stranded DNA icosahedral viruses and supports the hypothesis that the nonicosahedral poxviruses and the large icosahedral DNA viruses are evolutionarily related.
Orf virus (ORFV) is the prototype parapoxvirus, infecting sheep and goats worldwide. It is responsible for contagious ecthyma, also known as soremouth or orf, characterized by the progressive development of erythema, pustules, and scab usually around the mouth and nostrils of young animals (18) . This may result in an inability to suckle and subsequent failure to thrive. The virus also readily infects humans, where similar skin lesions develop, most frequently on the hands. Interestingly, ORFV is capable of infecting the same host repeatedly in the presence of a normal host immune response, most likely because of species-specific virulence and immunomodulatory factors encoded by the terminal regions of the viral genome (17) . By contrast with the variable ends of the genome, the central region is widely conserved among vertebrate poxviruses and encodes proteins essential to the viral replication and assembly (14, 18) .
Poxviruses are large, double-stranded DNA viruses which replicate and assemble inside the cytoplasm of infected cells (34) . These viruses are characterized by a complex virion morphology, described as brick shaped or ovoid with surface decoration of tubule structures (20) . These tubular structures adopt a characteristic criss-cross pattern in parapoxviruses, suggesting a helical arrangement on the surface of virions (46) . Poxviruses undergo a complex maturation process with several distinct viral assembly intermediates that have been described in detail by electron microscopy (EM) studies of vaccinia virus (10) . Viral maturation initiates with the condensation of viral proteins and genetic material in an area called the "viral factory," which appears as an uniformly dense region surrounded by membranous organelles within the host cytoplasm (48) . Crescent-shaped membranes decorated with protein spicules on their convex surface then form around the viral factory (13) . The crescents subsequently wrap into spherical structures termed immature virions (IV) which contain the viral core proteins and the genome (40, 44) . The transition between these IV and intracellular mature virions (IMV) involves a major morphological change from spherical to brick-shaped virions. IMV exhibit a more complex structure consisting of an outer membrane, a biconcave core, and two lateral bodies filling the cavities as well as a coiled DNA-protein complex confined in the core wall (12, 20, 28) . Such dramatic morphological changes result from a complex rearrangement involving the proteolytic processing of viral core proteins (8, 24, 31, 41) . The virus particles then wrap into membranes of the host trans-Golgi network to form intracellular enveloped virions. These finally fuse with the cell membrane and exit the host cytoplasm as extracellular enveloped virions (27, 43) . We note that recently an alternate nomenclature has been proposed in which the terms mature virion, wrapped virion, and extracellular virion have been used for IMV, intracellular enveloped virion, and extracellular enveloped virion, respectively (10, 35) . In what follows we have used the "classical" nomenclature.
The spicules found on the crescent-shaped membranes of IV are formed by a viral protein called D13 (32, 33) . This protein is also the target of rifampin (5, 29, 37) . The presence of this antibiotic reversibly inhibits the localization of D13 on IV and stops viral assembly (36) . In addition, abrogation of D13 ex-pression results in aberrant IV formation, similar to the effect of rifampin (50) . More recent studies show that trimers of D13 arrange in a "honeycomb lattice" on the vaccinia virus IV surface (20, 47) . While D13 appears to have a crucial role in the formation of IV, it is lost in the IV-to-IMV transition and cannot be detected in infectious forms of vaccinia virus virions (15, 44) . How the protein interacts with membranes and what causes the removal of spicules during the IMV formation are poorly understood. D13 orthologues are found in all members of the poxvirus family, with a high degree of sequence conservation. In addition, D13 shares conserved domains with the coat proteins found in distant homologues that belong in the group called nucleocytoplasmic large DNA viruses (NCLDV) (21, 22) .
In ORFV, the orfv075 protein was identified as the vaccinia virus D13 orthologue, with 57% sequence identity (14) . We have investigated the structure of orfv075, with the ultimate goal of understanding its possible contribution to ORFV morphogenesis. We have determined the three-dimensional (3-D) structure of orfv075 at 25-Å resolution by EM of 2-D crystals. orfv075 organizes as a trimer, and the 3-D model reveals that the trimer is barrel shaped with a tripod-like base on one end and a smaller propeller domain on the other end. The 3-D model of orfv075 indicates a structural similarity with capsid proteins of the large icosahedral DNA viruses and suggests the presence of two consecutive jelly roll domains that are oriented parallel to each other, resulting in a pseudohexameric trimer. Our results suggest that orfv075 belongs in the double-barrel capsid protein family, characteristic of an ancient viral lineage spanning all domains of life (6, 26) . This lineage was defined based on structural studies of double-stranded DNA icosahedral viruses, and poxvirus could be the first member of this family with an infectious virion lacking icosahedral symmetry.
MATERIALS AND METHODS
Expression and purification. The orfv075 gene was amplified by PCR from genomic DNA of the NZ2 strain of ORFV. BamHI and HindIII restriction sites were introduced in the forward and reverse PCR primers, respectively, for cloning in a pPROEX Hta (Invitrogen) vector with an amino-terminal His 6 tag (His tag), followed by a cleavage site for the recombinant tobacco etch virus (rTEV) N1a protease. Expression of the orfv75 protein in BL21 pRP Escherichia coli was induced by addition of 0.5 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) at an optical density at 600 nm of 1.0, and cells were grown for 12 to 15 h at 18°C. The cell culture was centrifuged at 3,000 ϫ g for 30 min at 4°C in an SLC-4000 rotor (Sorvall). The cell pellet was resuspended in 10 ml of cold lysis buffer (50 mM Tris-HCl [pH 8.0], 300 mM NaCl, 20% glycerol, 5 mM ␤-mercaptoethanol, one EDTA-free protease inhibitor tablet [Roche] and 0.1 mg/ml lysozyme). Cells were then mechanically disrupted in a One-Shot cell disruptor (Constant System) at 18 kPa. The lysate was centrifuged at 30,000 ϫ g at 4°C in an SS-34 rotor (Sorvall) for 30 min, and the supernatant was subjected to immobilized metal affinity chromatography using a 5-ml Ni-nitrilotriacetic acid column (HiTrap Chelating HP; Amersham Biosciences). Washes with buffer (20 mM phosphate buffer [pH 7.2] and 500 mM NaCl) containing 50 and 150 mM imidazole removed most of the contaminants, and orfv075 was eluted with 500 mM imidazole. Further purification was carried out by size exclusion chromatography (SEC) using a Superdex HR 200 10/30 column on a fast protein liquid chromatography system (Amersham Biosciences), wherein the protein was finally purified in 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM ␤-mercaptoethanol. Estimation of the molecular mass of purified His tag-cleaved orfv075 oligomer was carried out by plotting log values of molecular masses of standards as a function of distribution coefficients (4).
2-D crystallization in situ. His-tagged orfv075 protein, when changed from 50 mM to 10 mM Tris buffer, led to 2-D crystallization. A 200-g/ml concentration of protein in 50 mM Tris, 150 mM NaCl (pH 8.0) was diluted 10-fold in 10 mM Tris, 200 mM NaCl (pH 8.0) and then concentrated back to the initial volume using a 30,000-Da molecular mass cutoff Vivaspin500 (Vivascience) by centrifugation at 11,000 ϫ g at 4°C. The dilution/concentration procedure was repeated three times. Examination of the final concentrated sample by EM showed the presence of 2-D crystals. Hereafter, these crystals are referred to as type I crystals.
2-D crystallization on lipid monolayer. A mixture of egg L-␣-phosphatidylcholine and egg phosphatidyl-DL-glycerol at a 2:1 (wt/wt) ratio was doped with nickel-chelating lipid DOGS {1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl]}-nitrilotriacetic acid-Ni (nickel salt) in 3:1 (wt/wt) ratio in 80% chloroform and 20% methanol. All lipids were obtained from Avanti Polar Lipids. One microliter of the lipid solution was layered onto the surface of 35 l of 50 mM, Tris pH 8.0, containing 150 mM NaCl and 50 mM imidazole in a 4-mm-wide and 4-mm-deep Teflon well as described by Lévy et al. (27) . The lipid monolayer was allowed to form following complete evaporation of the organic solvent. Recombinant His-tagged orfv075 in 50 mM Tris, pH 8.0, containing 150 mM NaCl and 50 mM imidazole was then injected through a port at the bottom of the well at a final protein concentration of 50 g/ml. After 3 h of undisturbed incubation at room temperature, the monolayer at the air-water interface containing 2-D crystals was transferred onto a hydrophobic EM grid covered with holey carbon support film (Quantifoil, R2/2). Hereafter, these crystals are referred to as type II crystals.
Transmission EM of purified protein samples and 2-D crystals. For samples other than those for monolayer crystallization experiments, typically a 5-l aliquot was placed on a glow-discharged (hydrophilic) 300-mesh copper EM grid covered by a plastic-supported continuous carbon film. After 90 seconds, the sample was washed three times with deionized water and stained with 1.5% uranyl acetate for 1 min. Excess solution was then blotted with a piece of filter paper, and the grid was allowed to air dry. In the case of investigations with lipid monolayer crystals, following staining and air drying, the grid was coated with a thin film of evaporated carbon. EM grids were examined in a Philips Tecnai 12 electron microscope operated at 120 kV in a low-dose mode. Images were recorded on SO-163 film (Kodak) at a nominal magnification of ϫ42,000 and a 0.8-to 1.0-m underfocus and were developed for 11 min in D19 (Kodak) diluted 1:1 with deionized water. The images of tilted crystals (up to Ϯ55°) were recorded at approximately 10°increments in a tilt series starting with the nominally untilted view. The cumulative dose for the tilt series was estimated to be ϳ200 e/Å 2 . Micrographs were examined in an optical diffractometer to assess levels of defocus, drift, and astigmatism and to select the best-ordered regions of a crystal. Using a Leafscan 45 scanner (Leaf Systems Inc.), these selected areas of the micrographs, typically 5 cm by 6 cm, were digitized at 2,540 dpi, corresponding to a sampling at approximately 2.4 Å on the specimen.
Image processing. Digitized areas of 2,048 by 2,048 pixels from 25 micrographs of type I crystals belonging to three tilt series were selected. The images were processed by using the MRC program suite for 2-D crystallography (11, 19) . Nominally untilted images were used to determine the unit cell dimensions of the crystal lattice. Amplitudes and phases sampled along the lattice lines were extracted after subjecting the tilt series images usually to two rounds of the lattice "unbending" procedure, to minimize the effects of lattice distortion. The tilt geometry was determined from the foreshortening of the unit cell dimensions and from the changes in defocus across the tilt axis in the micrograph. The absolute sign of the tilt angle was determined by noting which side of the micrograph was more underfocused, indicating that this part of the crystal was at a lower z height in the microscope (3). At the defocus used (0.8 to 1.0 m), the highest-resolution spot was located within the first node of the contrast transfer function, and thus no correction for phase reversal was applied. The extracted phases and amplitudes for each untilted image were subjected to the program ALLSPACE (19) to determine which of the 17 possible two-sided plane groups of symmetry represented the best fit. In this exercise, the values of the phases of significant spots in the computed diffraction pattern were checked to query the lattice symmetry based on the calculated phase residuals. The 'best' untilted image with the smallest phase residual as determined by ALLSPACE was used as the reference to bring the images of tilted views to a common phase origin using the program ORIGTILTK. First, based on the geometry of the tilt (i.e., the tilt angle and its orientation in the image), the reciprocal lattice z* coordinate of all the reflections in the computed diffraction pattern of an image of the tilted crystal was calculated. For a given image, the phase origin was determined such that the shifted values of the phases for the various reflections yielded the lowest residuals compared with those for the same reflections from other images. For this purpose, values of the phases sampled for a given reflection along a lattice line that were within ⌬z* ϭ 1/120 Å Ϫ1 , corresponding to an approximate vertical thickness of 120 Å for orfv075, were deemed to be equivalent and compared in the phase origin search. The merged phases and amplitudes along the various lattice lines were least-squares fitted using LATLINEA (19) and plotted as a function of z*. The phase and amplitude profiles for each reflection were regularly sampled using an arbitrary unit cell dimension (200 Å) along the z axis, and a 3-D density map was calculated by reverse Fourier transformation of the sampled structure factor amplitudes and phases. The map was displayed using PyMOL (version 0.98; DeLano Scientific LLC).
Predictive analysis based on the amino acid sequence. The amino acid sequences of orfv075 (ORFV strain NZ2) (30) and its orthologue D13 (vaccinia virus Copenhagen strain) (16) were used for predictive analysis. An initial amino acid sequence-based homologue search was performed by PSI-BLAST (2). Major elements of secondary structure (e.g., ␣-helix and ␤-sheet) in orfv075 and D13 were assessed by PSIPRED (23) . orfv075 homologues with known 3-D structures were identified by sequence alignment/secondary structure predictionbased search using the Phyre (25) and the HHpred (45) servers.
Fitting of atomic structures of orfv075 homologues into the EM-derived 3-D density map. Using PyMOL, the X-ray structures were docked into the "tripod" region of the density map where visually maximal overlaps could be seen. The fit was then optimized using the program URO (39), based first on the whole density map and subsequently on only the matching region. To excise this region of the map, a mask was created based on the X-ray structure of one of the homologues as a template, using a probe radius of 5 Å, and the extent of the mask was further inflated isotropically by 4 Å. Cross correlation between the volume of the orfv075 density map enclosed by the mask and the individual X-ray structures was calculated by comparison of the complex structure factors.
Ultrathin section EM of ORFV-infected cells. Primary lamb testis cells at 14 hours postinfection by ORFV (NZ2 strain) were pelleted and fixed in 2% glutaraldehyde in 0.15 M cacodylate buffer, pH 8.0, for 1 h. After three 5-minute washes with the fixing buffer, cells were treated with 2% OsO 4 in 0.15 M cacodylate buffer, pH 6.9, for 2 h at room temperature, washed three times as before, and resuspended in low-melting-point agarose. After the agarose had set, the block was cut into 1-mm 3 pieces and treated with 1.5% potassium ferricyanide and 1% OsO 4 in 0.15 M cacodylate buffer, pH 8.0, for 1 h to enhance membrane contrast. Three further washes in the fixing buffer were followed by staining with 1% uranyl acetate for 1 h at room temperature and by three washes with distilled water. Samples were then dehydrated through an ethanol series (70%, 95%, and 100% ethanol; 10 min each) and embedded in Quetol 651 resin. Sections of ϳ80 nm were poststained with uranyl acetate and lead citrate, and images were acquired using a Philips CM12 TEM operated at 120 kV.
RESULTS
We used recombinant orfv075 produced in E. coli for biochemical and structural characterization of this putative ORFV scaffolding protein.
Biochemical characterization of orfv075. SEC showed that a majority of the protein elutes in the void volume, where species with molecular masses of greater than ϳ600 kDa migrate. Upon removal of the N-terminal His tag with the rTEV protease, orfv075 eluted at a position compatible with a trimer. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) demonstrated that oligomerized or aggregated orfv075 in the void-volume fraction as well as the protein trimers are essentially pure (Fig. 1) . These results showed (i) that orfv075 organizes as a trimer and (ii) that the aggregation of orfv075 trimers is promoted by the presence of the Nterminal His tag. However, under appropriate conditions, the His-tagged protein could self-assemble into ordered arrays in situ, and the His tag was directly exploited to allow interaction with functionalized lipids for 2-D crystallization experiments on lipid monolayers. Therefore, the interactions involved in the observed aggregation are very likely weak and reversible.
EM of negatively stained His-tagged orfv075 revealed heterogeneous tubular objects and small patches of honeycombshaped crystals over a background of small globular protein oligomers (diameter, ϳ6 nm) (Fig. 2) . These small crystalline patches, with a ϳ14-nm hexagonal lattice spacing, were formally similar to those described for the D13 vaccinia virus orthologue of orfv075 (47) , purified by immobilized metal affinity chromatography, exists as aggregates eluting in the void volume. Upon cleavage of the His tag by rTEV protease, the majority of protein sample (chromatogram with solid line) dissociates into smaller oligomers. In both cases, the protein is essentially pure as indicated by the ϳ65-kDa (ϩHis tag) or ϳ60-kDa (ϪHis tag) bands in SDS-PAGE (inset). (B) Log values of molecular mass of standards are plotted as a function of distribution coefficients, K, in order to estimate the molecular mass of the eluent from gel filtration. Based on the elution volume of His tag-cleaved orfv075 in the gel filtration chromatogram, the molecular mass was estimated to be ϳ160 kDa, indicated by a circle. Assuming that a nonglobular shape of oligomeric orfv075 is hampering precise measurement, the estimated molecular mass would correspond to homotrimers of orfv075.
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on October 1, 2017 by guest http://jvi.asm.org/ (Fig. 3A) . These crystals sometimes extended up to 3 m in length. On the other hand, in comparison, the 2-D crystals grown on lipid monolayer (type II crystal) (Fig. 3B) were considerably smaller (average length of ϳ0.5 m). These crystals appeared fragile, especially during transfer to continuous carbon-coated EM grids, and necessitated the use of holey carbon films that were postcoated with carbon to stabilize the specimen under the electron beam. The type I crystal has lattice dimensions of a ϭ b ϭ 140 Å (Ϯ 3Å), and based on the analysis of the phase residuals (Table 1 ) (see Materials and Methods), the plane group of symmetry is p3, indicating the presence of threefold symmetry. The p3 symmetry was confirmed in a projection map (Fig. 4A) calculated without imposing the symmetry where compact trimeric subunits could be clearly identified. The continuous array of trimers does not display significant intertrimer interactions, with the region between the trimers being largely permeated by stain. This differs from the dense hexagonal packing characterizing the small crystalline patches seen in purified orfv075 samples or in the D13 scaffold covering vaccinia virus IV. On the other hand, the morphology of type II crystals formally appeared to be similar to that of the honeycomb scaffold of D13. A projection density map for the type II crystal confirmed a denser packing of the orfv075 trimers characterized by the p6 plane group of symmetry (Table 1) , with unit cell dimensions of a ϭ b ϭ 154 Å (Ϯ 4Å) (Fig. 4B) .
3-D model of orfv075. Our efforts in 3-D reconstruction using images of tilted crystals focused primarily on the type I crystals because of their superior quality. Data up to a maximum resolution of 25 Å were included in the calculation of the density map as shown by the extracted amplitudes and phases plotted along the lattice lines (Fig. 5) .
A surface representation of the orfv075 trimer is shown in Fig. 6 , thresholded such that the model has a volume corresponding to a trimer with a molecular mass of 195 kDa (3 ϫ 65 kDa; protein partial specific volume ϭ 1.35). At the modest 25-Å resolution it is not possible to unambiguously define the monomer boundary. The height of the barrel-shaped orfv075 trimer is ϳ90 Å, with a diameter of ϳ70 Å. The orientation of the orfv075 was arbitrarily decided so that the trimer volume could be characterized by two domains: a "propeller" head and a relatively larger "tripod" base. There is a large cavity circumscribed by the "legs" of the tripod, and a small protrusion extends from the top of the propeller domain around the threefold axis. The trimers are approximately 55 Å apart in the crystal. The absence of a visible connection between the trimers is probably an artifact caused by insufficient resolution and preferential permeation of stain. Based on preliminary tilt series data recorded from type II crystals, a 3-D reconstruction was also generated. Although inferior in resolution and quality, the overall features of the orfv075 trimer (e.g., the tripod-like base) were similar to those seen in the reconstruction from type I crystals (data not shown). More interestingly, based on this reconstruction, the orientation of the trimer with respect to the lipid monolayer could be directly deduced by virtue of the fact that the type II a Results from the ALLSPACE program (as described in Materials and Methods) that established the plane group of symmetry of orfv075 2-D crystals. Reflections in the computed diffraction pattern of a nominally untilted 2-D crystal whose background-corrected amplitudes were equal to or greater than one standard deviation in the background were included in the analysis. The correct symmetry corresponds to that with the lowest phase residual for 1 of the 9 (out of 17) possible two-sided plane groups of symmetry consistent with the lattice geometry. The values of the calculated residuals indicate p3 (threefold) and p6 plane (sixfold) groups of symmetry for type I and type II crystals, respectively. The higher symmetry, p6, was assigned to the type II crystal, as the residuals for p3 and p6 are statistically indistinguishable.
b Acceptable choice for the plane group of symmetry. Sequence and structure comparisons. A PSI-BLAST search identified NCLDV homologues of orfv075, including the major capsid proteins of iridovirus, mimivirus, and ascorvirus, whereas the major capsid protein of phycodnavirus was also found when the amino acid sequence of D13 was used. This is in line with results obtained by Iyer and colleagues (21) .
Analysis by the PSIPRED server predicted that orfv075 is composed of 27% ␤-strands and 17.6% ␣-helices. Although within the poxvirus family there are no orthologues of orfv075 with known structure, we searched for distant homologues using HHpred. The best match was the capsid protein VP54 (PDB-ID 1J5Q) (38) of Paramecium bursaria Chlorella virus type 1 (PBCV-1) over 193 aligned residues (15% sequence identity), with 82.8% probability and an E value of 0.021. VP54 is composed of two parallel N-and C-terminal jelly roll domains and assembles as trimers. In these trimers, the six jelly rolls display similar dispositions, resulting in a pseudohexamer.
Docking of the atomic model of VP54 into the 3-D density map of orfv075 revealed a surprisingly good agreement with the "tripod" domain. The agreement cross correlation at 25-Å resolution was 0.85. The masked volume of orfv075 used in the cross correlation calculations (see Materials and Methods) included the whole of the orfv075 density envelope except the extremity of the "propeller" domain. In this orientation, the N terminus of VP54 is at the base of the tripod, which is compatible with the deduced location of the N-terminal His tag of orfv075 as described above. Although the reconstructed density map of orfv075 is not markedly pseudohexameric, the VP54 trimer fits nicely in the molecular envelope of the tripod domain, with the two jelly rolls flanked by helices and loops occupying a leg of the tripod (Fig. 7) . The propeller-like domain of the orfv075 trimer, however, did not have a corresponding domain in VP54. This could be due to the presence of larger loops in orfv075, as orfv075 has 545 amino acid residues, compared to 437 residues for VP54.
We also examined the fit of the atomic structures of the major capsid proteins of bacteriophage PRD-1 (PDB-ID 1CJD) (7) and Sulfolobus turreted icosahedral virus (PDB-ID 2BBD) (26) , as well as the adenovirus hexon protein (PDB-ID 1P30) (42) . The major capsid proteins of PRD-1 and Sulfolobus turreted icosahedral virus display a similar fit with the orfv075 density map (cross correlation of 0.81) as in the case of VP54. Whereas VP54 has loops protruding into the propeller domain of orfv075, these proteins are smaller and lack any corresponding volume for the propeller domain. On the other hand, the adenovirus hexon (951 residues) is too large to fit into the orfv075 molecular envelope and also possesses extra loops with no equivalents in orfv075. Overall, there is good correspondence of the double-barrel "base" of these capsid proteins into our structure of orfv075.
DISCUSSION
orfv075 is the orthologue of the protein D13 of vaccinia virus (57% sequence identity), which is also called the rifampin resistance gene product (37) . A number of studies have identified amino acid residues that confer rifampin resistance (5, 9, 29) . Interestingly, some of the substituted amino acid residues in rifampin-resistant D13 mutants are the same as those at analogous positions in the orfv075 sequence. This is consistent with our finding that ORFV is naturally resistant to rifampin (data not shown). On the other hand, the high sequence conservation of this gene product indicates that the critical role of D13 in the assembly of vaccinia virus immature particles is probably shared by all D13 orthologues. In fixed thin sections of primary lamb testis cells, at ϳ14 h postinfection by ORFV, we could detect objects that are reminiscent of crescents that were identified in vaccinia virus-infected cells, suggesting that parapoxviruses follow an assembly path similar to that of orthopoxviruses (Fig. 8) . In vivo, D13 can organize on membrane segments of IV (13) and can also self-assemble in so-called honeycomb lattices (20, 47) .
We pursued structural studies of recombinant orfv075 with the goal of understanding the structure/function correlates of orfv075. We found that orfv075 can spontaneously assemble to form 2-D crystals (type I) that turned out to be of better quality than 2-D crystals obtained on functionalized lipid monolayers (type II). We note that planar crystals of D13 (similar to type II) were seen only in vivo when a single point mutation, D513G, was introduced (47) . Interestingly, the observed ability of orfv075 to self-associate in vitro into ordered arrays in the absence of other viral proteins is analogous to that displayed by many capsid proteins.
The structure of orfv075 presented here and the docking of VP54 capsid protein suggest that orfv075 is composed of two consecutive jelly roll domains occupying the tripod-like base and protruding loops forming the propeller-like head of the trimer. This tentative fold for orfv075 is supported by secondary structure predictions as well as the observation of a degradation product in protein expressed at temperatures higher than 20°C. This proteolytic fragment has an approximate molecular mass of 30 kDa (estimated from SDS-PAGE) and belongs to an N-terminal domain of orfv075 as identified by mass spectrometry of trypsin-digested orfv075 (data not shown). This is consistent with a cleavage in a linker between the two putative jelly roll domains in orfv075. The cleavage of capsid protein by viral proteases has been shown to be essential to trigger the complex process of maturation of IV into infectious IMV. It will be interesting to investigate the involvement of proteolytic processing of orfv075 in the viral maturation.
Poxviruses have been postulated to be a member of a large family of viruses called NCLDV. Vaccinia virus D13, and presumably its orthologue orfv075, is essential in viral morphogenesis and belongs in the basic set of proteins shared by all the NCLDV (21, 22) . Interestingly, all other members of the NCLDV display icosahedral symmetry, and some of the homologues of D13 have been shown to be part of the icosahedral shell (49) . All the known structures of these trimeric capsid proteins harbor a similar double-barrel fold proposed to be characteristic of an ancient viral lineage spanning all domains of life (6) . The good fit of the trimer of VP54 of PBCV-1 in the molecular envelope of orv075 together with the evolutionary link postulated from sequence analysis supports the inclusion of poxviruses in this viral lineage. Poxvirus could thus be the first member of this lineage with an infectious virion lacking icosahedral symmetry.
Recent studies on D13 have shown that the N-and Cterminal ends of the protein are involved in resistance to rifampin, suggesting that these regions could come together to form a rifampin-binding site. The model of orfv075 proposed here supports this view. Based on the fit of VP54 in the map, orfv075 would have both its N and C termini located at the bottom of the tripod domain. These regions could be involved in interaction with integral membrane viral proteins similar to that seen for another NCLDV, PRD1. Interaction of the protein P3 of PRD1 with membrane-bound proteins through the N-terminal tail is indeed observed in the structure of icosahedral PRD1 virus particles (1). The preliminary reconstruction based on the data from type II crystals suggests that the tripod base of the orfv075 trimer is in contact with the membrane surface while the propeller domain is distal from the membrane and that the trimers are held together by intimate lateral packing. This largely reflects the organization found in PRD1, where the counterpart of the tripod domain is involved in binding to the internal proteins and membrane, the lateral faces of the trimer ensure the formation of the icosahedral shell, and loops from both jelly rolls protrude from the surface of the virus (1). More detailed structure-based comparisons between poxvirus IV and membrane-containing icosahedral viruses could bring new insights into the assembly of poxvirus. 
